INTRODUCTION
The relatively hiqh fuel economy available from propeller-driven aircraft has renewed interest in high speed, highly loaded multiple blade turboprop propulsion systems. The undesirable features of community noise and, more importantly, the high intensity cabin noise associated with the propellers supersonic helical tip speeds have stimulated new theoretical and experimental research on the acoustic characteristics of turboprops.
The acoustic testing of propellers at realistic inflow Mach ovimbers can be carried out in flight using a suitably scaled model, or performed in a wind N M V N w tunnel capable of producing high subsonic flow velocities, again using a scale model. Since the cost of flight testing is high, acoustic testing with supersonic helical tip speed propellers has initially been carried out in the 8 by 6 ft transonic wind tunnel at the Lewis Research Center (1-6 6) . Figure 1 displays typical propeller models mounted in the Lewis 8 by 6 wind tunnel.
The propeller is driven at the desired speed by an air drive. Noise measurements are made with pressure transducers installed flush with the tunnel walls, through the bleed holes shown in the photograph or on added structures such as the boundary layer refraction plate. As seen in Fig. 1 , the hard tunnel wall, wings, or refraction plates could produce significant reverberation effects; thus, the accuracy of the noise measurements has been questioned. In measurements of this t yp e, the test site is essentially a duct containing a noise source represented by the propeller. It is not clear that this test environment will generally produce results for directivity or amplitude which have any relationship to flight test results, although some initial flight to wind tunnel comparisons with the NASA Dryden Jet star aircraft ( 7.8) have indicated reasonable agreement. Dittmar ( g ) has qualitatively argued that flow convection and the highly directional nature of a typical propeller noise source will minimize reverberation effects when the tunnel Mach number is greater than 0.6. However, Eversman and Baumeister (10) found the acoustic radiation field to be substantially altered by the presence of the duct except perhaps very near the propeller. They found a strong resemblance between the acoustic directivity on the duct wall and the general shape of the free field directivity for side line angles of 45 0 to 135 0 . For side line angles less than 45° or greater than 135 0 , similarity between duct directivity and free field could not be expected.
Because of computer storage limitations, the results of Ref. 10 were bases; on axial Mach numbers less than -0.5 and source frequencies approximately 25 percent of the turboprop test frequency (1000 Hz). Considerations in this paper will be given to the actual rectangular form of the B by 6 Lewis wind tunnel, the design frequency (1000 Hz) and the design Mach number of O.B.
It is the purpose of the present investigation to mathematically model in closed form the radiation patterns of stationary monopoles and dipoles in a hard wall version of the NASA 8 by 6 wind tunnel, in free space, and in a half space adjacent to a solid infinite plane. In contrast to the cylindrical geometry and low frequency results of Ref. 10, the acoustic response for the NASA a by 6 wind tunnel will be determined for a rectangular geometry in the frequency range associated with the first harmonic of the propeller tests (1000 Hz).
The analysis to follow models the pressure solutions for a stationary monopole in an infinite duct with flow. First, the appropriate governing wave equations and boundary conditions will be presented and solved. Next, the free field pressure solutions for a monopole source as given by Goldstein (11) is developed in terms of the duct coordinate system. These solutions are used to describe the resonance frequencies and modal amplitudes of the 8 by 6 wind tunnel. Finally, for a monopole and dipole source in the tunnel, the spectral response, directionality, and spectral response changes due to.the addition of panels or other superstructure into the tunnel are determined. The usual notation for velocity potential, acoustic velocity, and acoustic pressure are used. These and other symbols are defined in the nomenclature.
Here, the dimensionless speed of sound c is defined as
The asterisks denote dimen 
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where L w* -21rf* or w -2e (7) (the frequency f* is tied to the definition of t -f*t* in the dimensionless representation of w} Y^` )
N z = integer Equation (6) describes the acoustic pressure in the duct for a harmonic (eiwt = e12,rf*t) source of strength Q o at position xs'ys'zs'
As seen in Eqs. (6), (11), and (12) Also, as seen in Eqs. (6) and (8) for a given geometry, Mach number, and driving frequency f*(c -c*/H*f*), K nm will go to zero and P will approach infinity (resonance). Figure 3 shows experimental data (13) (6) is for x s equal to zero
which is the classic plane wave propagation equation. The convective wave amplification dump at x equals zero comes directly from the M sgn (x) term.
Free Field Mathematical Model
The free field pressure solution for a moving (M s ) monopole source is given by Goldstein (11) Equations (21) and (24) In the calculations to follow, the analytical equations of the past sections will be used to determine tunnel resonance, tunnel frequency response, source directionality, modal energy content, tunnel alterations, and dipole response. The flow Mach number is taken to be 0.0 in all calculations to be presented. In the pressure response plots to follow, the absolute value of the pressure squared is plotted in log coordinates in the form 10 log (P 2 + 1)
The source strength Q in Eqs. (6) and (19) was arbitrarily chosen as 8.1
such that the 10 log P 2 had a value in the range of 30 to 70. The 1 in Eq. (25) was added to prevent negative value of the log at low frequencies.
For all practical frequencies 10 log (P 2 + 1) 0 10 log P 2 (26)
Duct Resonance Frequencies
The resonance frequencies of the 8 by 6 wind tunnel were calculated from Eqs. (4) and (8) In Fig. 6 , the response of the same strength monopole in the free field and adjacent to an infinite flat plane are also shown. Clearly, the theoretical response in the duct of the monopolf, is considerably higher than in the free field. Figure 7 displays the same information in a narrow band about 1000 Hz. At low frequencies and certain key frequencies as seen in Fig.   6 , the pressure response in the duct drops below the free field response.
The `y nm 051zs) 
For all propagating modes when n or m is odd, the value of Tnm will be identical to zero. As a result, the spectral response strongly depends on the position of the source.
Source Directionality In the frequency range of practical importance to turboprop response, some important features of the free field directivity can be approximated in a hard wall wind tunnel with flow if the major lobe of the noise source is not directed upstream. However, for a omnidirectional source, such as a monopole, the wind tunnel and free field response will not be comparable.
APPENDIX A Wind Tunnel Solution
As shown in the body of the report, for a monopole source, the wave Eq. (1) can be written as
The solution to Eq. (Al) can be mor
Eq. (Al) in a Galilean (x9,y9,z9,t9
Therefore, assume
conveniently obtained by rewriting system moving with the flow.
(A1)
x -x 9 + Ut g x 9 + CMt 9 xg = x -Ut f (A2)
As discussed by Morse and Ingard ( (12) Noting that y[x9(,:',t'),t9(x',t'))
at at The V/c 2 x' term in q o was dropped because the right hand side of Eq. (A24) has a nonzero value only when x' equals zero because of 6(x').
Finally, the wave equation reduces to an equivalent stationary system when it is assumed
As a result, also therefore, and Al. Y 2 j29 (same for y, z, and t)
17
Thus, the wave equation in stationary coordinates becomes 
P011
Finally, because of the orthogonality of the cosine, Eq. (A51) becomes
The multiple values of fl are a consequence of the properties of the n { integral of cos 2ny". 
